Several vocal-tract models were reviewed, with special focus given to the sliding vocal-tract model [T. Arai, Acoust. Sci. Technol. 27(6), 384-388 (2006)]. All of the models have been shown to be excellent tools for teaching acoustics and speech science to elementary through university level students. The sliding three-tube model is based on Fant's three-tube model [G. Fant, Acoustic Theory of Speech Production (Mouton, The Hague, The Netherlands, 2006)] and consists of a long tube with a slider simulating tongue constriction. In this article, the design of the sliding vocal-tract model was reviewed. Then a science workshop was discussed where children were asked to make their own sliding vocal-tract models using simple materials. It was also discussed how the sliding vocal-tract model compares to our other vocal-tract models, emphasizing how the model can be used to instruct students at higher levels, such as undergraduate and graduate education in acoustics and speech science. Through this discussion the vocal-tract models were shown to be a powerful tool for education in acoustics and speech science for all ages of students.
I. INTRODUCTION
Historically, mechanical models of the human vocal tract were created for understanding speech and making artificial speaking machines. In the 18th century, Kratzenstein (in 1781) and von Kempelen (in 1791) proposed mechanical models for vowels and consonants (Dudley and Tarnoczy, 1950; Flanagan, 1965; Gold and Morgan, 2000) . Kempelen's machine, operated with the right forearm and consisted of bellows simulating the lungs. An oscillating reed stimulated by the airflow from the bellows excited a single, hand-varied resonator for producing voiced sounds. Consonants, including nasals, were simulated by four separate constricted passages controlled by the fingers of the other hand. Willis (1830) claimed to have synthesized all the human vowel sounds as a continuum using a uniform-diameter tube with varying length (Willis, 1830) . In the early 20th century, Paget successfully simulated artificial vocal folds and also discovered the closest approximation of the shape of an actual vocal cavity by conducting a comparative study of sounds emitted by model cavities of various shapes that he constructed (Chiba and Kajiyama, 1941) .
In modern speech science, Chiba and Kajiyama (1941) measured three-dimensional configurations of the human vocal tract and showed that the area functions determine the natural frequencies of the vocal tracts. In the section called "Artificial Vowels," they even made clay models of the measured vocal tracts and showed that the sounds produced by the models match naturally produced counterparts for each vowel. Since then, vocal-tract modeling was done by many researchers for decades, such as Stevens et al. (1953) , Fant (1960) , Story et al. (1996) , Espy-Wilson et al. (2000) , and Carre (2004) . Physical models of the human vocal tract have often been used in research, such as when Umeda and Teranishi (1966) investigated the phonemic and vocal features of speech. On the other hand, as an art, Martin Riches (2011) has built an intricate wooden model of Fant's (1960) published area functions and fashioned them into a speaking machine; in addition he built another speaking machine called "MotorMouth."
Although vocal-tract models have often been used in research, few studies have been documented that use the models to educate students about acoustics and speech science. Arai (2007) reported on a set of educational models for acoustics and speech science. His set of models included lung models, head-shaped models and physical models of the human vocal tract based on Chiba and Kajiyama (Arai, 2001) . Arai (2007) pointed out that his physical models are powerful educational tools for teaching basic concepts in speech science, especially vowel production. The models are also especially useful for illustrating the source filter theory, as well as the relationship between vocal-tract shape and vowel quality.
As we have developed more models for education in speech science, we have debated whether we need a more precise model, which more closely approximates the human vocal tract, or a simpler model containing only the most basic characteristics. In the end we have seen that we need both. In other words, we need to prepare more educational tools, both simple and complex, and choose the best model to fit the educational goals of the situation. For example, if we want to illustrate the gross shape of a vocal tract, we would prefer a simplified model. In this sense, the models by Chiba and Kajiyama (1941) are suitable because they are based on the simple round-bottle shape and the crosssectional area functions are the first-order approximation of a real/complex configuration. Therefore, the models by Chiba and Kajiyama are a good place to start.
The sliding three-tube (S3T) model proposed by Arai (2006a) is one of the models on the simple end of the spectrum. In this paper, we review the S3T model, i.e. the "sliding vocal-tract model," and discuss how we can use it to teach about acoustics and speech science. We have used this model to teach all ages of students: At the elementary, junior high, and high school levels as well as undergraduate and graduate students. We have also used it with speech pathologists. In this article we pay particular attention to how this model was used in a science workshop at a science museum and in a classroom at a university.
II. SLIDING VOCAL-TRACT MODEL
The S3T model is based on Fant's three-tube model (Fant, 1960) . The S3T is a concatenation of three uniform cylindrical tubes with different diameters shown in Fig. 1 . A short narrow tube is inserted in a long wide tube as shown in Fig. 2 (Arai, 2006a) . We call the short narrow tube the "inner cylinder" and the long wide tube the "outer cylinder." The outer cylinder has a length of L and a diameter of D. The cross-sectional area of the outer cylinder is
The inner cylinder has a length of ' 2 and a diameter of d. The cross-sectional area of the inner cylinder is
The inner cylinder effectively divides the first (back) and third (front) tubes, whose lengths are ' 1 and ' 3 , respectively. When the position of the inner cylinder changes, the lengths of ' 1 and ' 3 change under the condition that the overall length,
III. EDUCATION USING THE SLIDING VOCAL-TRACT MODEL
In this section, we describe how we have used the sliding vocal-tract model in three different educational settings: Young children, university students and technical students.
A. Science workshop for children
Because speech communication is a basic human activity, we expect even the youngest students to be interested in learning how speech is made. And as we know that the mechanism of vowel production is easily demonstrated, we lament the lack of opportunities to learn about acoustics and speech science in our communities. To supply this lack, we developed intuitive models for teaching speech science to all types of students. And in particular, to address the interests of the younger children, we organized a science workshop on speech. From 2006 through 2009, we organized a science workshop at The National Museum of Nature and Science in Japan, entitled "Science Workshop on Sound: The Wonderful World of Sounds; Let's Create Our Voice."
In this section, we describe how the sliding vocal-tract model was used in the workshop. Every year, 10-15 children participated in the science workshop, mostly aged 10-12 years old. This workshop was co-organized with the Acoustical Society of Japan, and we received support from the members of the Committee of Education in Acoustics. Information about this science workshop appears in Arai (2006b) and Arai (2008b) , but some modifications have been made to the workshop since these initial reports.
During the workshop, we challenge the children to think about three concepts: (1) Sound is vibration, (2) the frequency of vibration is altered by changing physical properties, and (3) voice is a type of sound, but it is produced differently. To illustrate these three concepts we had the children do three hands-on projects, or "handicrafts."
First handicraft
Before the first project, we gave the children a brief introduction to sound. First, we played several types of sounds from a PC, including sounds from nature, animal sounds, and musical instruments. Next, we played actual musical instruments and encouraged the children to touch the instruments as they vibrated in order to emphasize the concept of sound as vibration. Another way we showed the students that sound is vibration is by attaching a ping pong ball to a tuning fork. When the tines of the fork were struck, the children observed the ball bounce according to the vibration of the tines of the tuning fork. We also plucked a harp string and showed children the vibration under a strobe light, so they could see the vibration in slow motion. We then showed the children a string telephone and a spring telephone and let them communicate with each other using the telephones. The telephone demonstration showed the children that sound can be transmitted through a medium other than air, such as a string and a spring. Finally, we showed slides of a vibrating reed and an air reed.
After this brief introduction to sound, we had the children complete their first project: a simple, handmade whistle. Figure 3 shows the instructions for this handicraft. First, we gave the children two pieces of thick paper and a plastic cylinder. One piece of paper was cut in a rectangular shape. We asked the children to fold and tape this piece of paper to create a thin but wide air passage. We asked the children to cut the other piece of paper into a semicircular shape. Finally, both pieces were taped to the same end of the cylinder as shown in Fig. 3 . Children were instructed to make a whistle sound by blocking the open end of the cylinder and blowing air through the mouthpiece.
Second handicraft
Before the second project, we briefly explained how the rate of vibration changes and the resultant pitch changes. We showed the children that when we shorten the length of a vibrating string, the rate of vibration increases, and as a result, the pitch increases. After explaining this relationship, we had the children make a slide whistle consisting of a mouthpiece, a long tube, and a slider, as shown in Fig. 4 . With the slide whistle, the children were able to change the pitch by moving the slider up and down. For the mouthpiece of this slide whistle the children used the whistle they created in the first project. For the long tube, we had prepared a 20-cm long pipe with an outer diameter of 4 cm. Thus, for this second project, the only part the children made was the slider. Figure 4 shows the instructions for this handicraft. First, we gave the children their supplies, which included a thin piece of paper, a film canister, and a piece of wire. The children cut the paper in two and crumpled each half to make two paper balls. Then the children inserted the wire into a small hole in the lid of the film canister, and they formed a big circle and a small circle, respectively, at each end of the wire. The big circle was bent at a 90 angle, as shown in Fig. 4 , so that it would sit parallel to the lid within the film canister. The children pinched the big wire circle in between the two paper balls and inserted the paper and the wire circle into the film canister. They then put the lid on the canister. The end of the wire having the small circle extended outside of the film canister.
Finally, the slide whistle was assembled by taking the 20-cm long pipe provided and inserting the mouthpiece from project 1 into one end of the long tube and the slider just created into the other end.
Third handicraft
Before the third project, we introduced the concept of vowel production. We demonstrated vowel production from phonation to articulation by using the lung model, the neck attachment with an artificial larynx, and the head-shaped model (Arai, 2007) as shown in Fig. 5(a) . With the lung model, we demonstrated inhalation and exhalation by pulling on the diaphragm made of a rubber membrane. When we pulled the diaphragm down, the two balloons in the thoracic cavity increased in size, simulating inhalation. When we pulled the diaphragm up, the air inside the balloons went out through the neck, simulating exhalation. Because there is a whistle-type artificial larynx in the neck attachment, the model produces a glottal sound during exhalation. In the final part of this demonstration, the glottal sound was made to resonate through the head-shaped model, and a vowel sound was produced. Thus, using three of our models, we showed the children how vowel sounds are produced within the human body.
Next, we replaced the head-shaped model with the flexible-tongue model (Arai, 2008a) as shown in Fig. 5 
(b).
The tongue in this model is made of a gel-type material so that its shape is highly malleable. By using this model, the children could see quite readily how tongue position affects the quality of the vowel sounds. We let the children touch the tongue and listen to the sounds.
We then replaced the flexible-tongue model with the cylinder-type models (Arai, 2001 (Arai, , 2007 as shown in Fig. 5(c) . Each of the cylinder-type models has a round bottleshaped cavity corresponding to the area function of each of the five Japanese vowels. The children were shown that vowel-like sounds can be produced even if you have only a straight and simple tube, as long as a similar area function is maintained.
Finally, we showed the children a sliding vocal-tract model. We showed the children that even a simple model such as this can produce vowel-like sounds when the slider is moved back and forth. As we moved into this third project, we found that the first two projects and the explanations we gave in between had helped the children understand the physical phenomena of sound and vowel production, and this piqued their interest for the third project, which was to produce a reed mouthpiece to be used as a sound source in a sliding vocal-tract model. Figure 6 shows the instructions for this handicraft. First, we gave the children a thin piece of plastic, a small plate, a film canister (with a hole already cut in the bottom), and a short tube with one end cut at 45
. The children folded the plastic sheet and taped it onto the small plate. This small plate with the plastic sheet was then affixed to the short tube with a rubber band. The small plate was positioned so that the tip of the plastic sheet was $2 mm away from the tip of the angled end of the short tube. The reed mouthpiece was completed by inserting the flat end of the tube into the hole at the bottom of the film canister. Once the reed mouthpiece was completed, the children were able to remove the mouthpiece created in project 1 from the slide whistle created in project 2 and replace it with the reed mouthpiece, thus creating their own sliding vocal-tract model with a reed sound source.
After they completed the handicraft of the sliding vocaltract model, they were able to test the sounds. The children learned that a glottal sound can be made by blowing directly into the reed mouthpiece when it is not connected to the long cylinder. Once the reed mouthpiece is put into the cylinder, different qualities of vowels can be produced by working the slide. When they moved the constriction, i.e., the slider, to the back of the cylinder, the /a/ sound was produced. When they moved it to the middle, it produced the /u/ sound. When they slid it to the front, the sliding vocal-tract model produced the /i/ sound.
B. Acoustics of vowel production for undergraduate/ graduate students
The sliding vocal-tract model is not only useful for teaching children, but also university students. The author is teaching classes on acoustics and speech science for undergraduate and graduate students at Sophia University. In those classes, we used the sliding vocal-tract model along with the other models for speech production and have found them to be excellent educational tools. In the following sections, we describe how we used these models in the classroom to teach university students about acoustics and speech science.
Topics covered in the acoustics of vowel production
We usually cover the following topics when teaching the acoustics of vowel production to university students:
(1) For normal phonation, subglottal pressure is $5-10 cm H 2 O. (2) The fundamental frequency of a vowel is mainly determined by the rate of glottal vibration. (3) Vowel quality is governed by the configuration of the vocal tract. (4) To change the configuration of the vocal tract, we move our articulators, such as, the jaw, lips, and tongue. (5) The location of constriction in the vocal tract is an important factor in determining the overall configuration of the vocal tract. (6) An output vowel is nasalized when the oral cavity couples with the nasal cavity with different degrees of the velopharyngeal opening. 
How models are used for non-technical students
For non-technical students, it is neither necessary nor advantageous to use mathematical formulas to explain the above-listed topics. At Sophia University, the author is teaching acoustics for non-technical students, including students from the departments of linguistics, psychology, and speech and hearing. We have found that we are able to teach these students all of the above-mentioned concepts without using formulas, simply by giving demonstrations using our physical models of the vocal tract, in conjunction with, for some of the topics, instructional software designed for such a purpose. In the following, we give specific examples of how each of these topics is taught to non-technical students by simply using the models and software.
(a) For topic 1, the water column attached to the lung model (Arai, 2007) demonstrates air pressure and helps students to understand subglottal pressure. (b) The physical models of the human vocal tract along with the sound sources, both the whistle-type artificial larynx and electrolarynx, are helpful when teaching topics 2 and 3, which deal with the source-filter theory of speech production (Fant, 1960) . Specifically, we can demonstrate that the fundamental frequency (f0) contour of a vowel output from a physical model matches the f0 contour of the sound source only (topic 2). And further, when we change between one vocal-tract model and another, we hear the vowel quality changes, revealing that vocal-tract configuration determines vowel quality (topic 3). (c) Topics 4 and 5 are easily taught to non-technical students through the demonstrations we have already discussed with the children's workshop. The head model with flexible tongue, as one example, shows how the movement of the articulators changes the configuration of the vocal tract (topic 4). And of course the sliding vocal-tract model easily demonstrates the importance of location of constriction on the overall configuration of the vocal tract (topic 5). (d) The head-shaped model has not only oral and pharyngeal cavities, but a nasal cavity as well, enabling it to produce nasalized vowels (topic 6). The movable velum can be manually controlled so that we can change the degree of the velopharyngeal opening, yielding a different degree of nasalization. With the head-shaped models, we can demonstrate that the vowel /i/ can be more easily nasalized than the vowel /a/. (e) Speech analysis software allows us to show a spectrum and/or a sound spectrogram of an output vowel sound. When we use the physical models and such software together, we can effectively teach topics (7)- (11). Also, when we use additional synthesis software, it allows us to change the first two formants and see how an out coming sound changes depending on the F1 and F2 frequencies. Digital pattern playback is also useful, because it allows us to convert a printed version of a spectrogram back into a speech sound (Arai et al., 2006) . (f) The sliding vocal-tract model can also be used to explain the perturbation theory of vowel production (Chiba and Kajiyama, 1941; Stevens, 1998) . According to this theory, a local perturbation of the tube near a volume velocity maximum lowers the formant frequency, and a local perturbation of the tube near a volume velocity minimum raises the formant frequency. With speech analysis software, we can effectively demonstrate the relationship between the formant frequencies and the location of the constriction. Thus, we can observe the formant shifts in topics (9)- (11) and explain perturbation theory without the use of technical mathematical formulas.
Because the models we have designed are so intuitive, acoustic phenomena are easily understood, even by nontechnical students. Even high school students and younger aged children are able to grasp some of the topics. As we have discussed, the author has taught lower level children with great success using the models, such as in the science workshop (see Sec. IV A.). He has also taught non-technical university students and has witnessed firsthand that they are able to grasp all of the 11 topics we consider important for a basic understanding of acoustics and speech science, just through working with the models and software, again, without needing to understand complex mathematical formulas. In particular, the sliding vocal-tract model is useful for instruction in several of the basic topics covered with university students, as well as the younger children.
3. How models are used for technical students Technical and/or advanced students can, of course, go a little deeper in their understanding of these topics. For example, we can ask them to actually compute and measure the formant frequencies, compare the theoretical and measured ones, and see whether they match. The first few formant frequencies of the sliding vocal-tract model are simply approximated by mathematical formulas. Because the structure is simple and the constriction is sufficiently narrow, the first couple of resonance frequencies can easily be estimated by decoupling the entire model into three parts as shown in Fig.  7 (Stevens, 1998; Arai, 2006a) . The first part is the front cavity, and it acts as a quarter-wavelength resonator with the first resonance frequency of c/4' 3 . The second part is the back cavity, which acts as a half-wavelength resonator with the first resonance frequency of c/2' 1 . The last part is a Helmholtz resonator, of which the resonance frequency is given by (c/2p)[(A 2 /A' 1 ' 2 )] 1/2 . The curves in Fig. 8 show the formant frequencies based on the simple approximation.
IV. DISCUSSION
A. Science workshop for children
The science workshop entitled "Wonderful World of Sounds: Let's Create Our Voice" was held at the National Museum of Nature and Science for four years from 2006 through 2009. Each time we give this workshop, we received positive evaluations from the attendees. Each year we improved the workshop and we continue to receive positive feedback from the children. In this section, we describe our design ideas for the workshops and the feedback we have received as we discuss the activities of the workshop.
Our goal for the science workshops was to pique the children's interest in speech science and acoustics, not necessarily to give them a thorough understanding of speech science. We hoped they would discuss these activities with their family and friends after the workshop, and possibly even investigate the questions that came up at a later date.
The three projects we designed were related to each other, and they built upon each other to form one cohesive, interrelated project. For example, the whistle made in the first project is used to make a slide whistle in the second project. In the third project, the body of the whistle, including the long cylinder and the slider, are re-used, but the whistle mouthpiece from the first project is replaced with the reed mouthpiece just created.
One effective design element of our workshops was to sprinkle the more theoretical explanations in between the Takayuki Arai: Education in acoustics using vocal-tract modelshands-on projects. This had three advantages: (1) the young learners were able to process the information in smaller chunks, (2) they were given background information which enabled them to do the craft with a greater depth of understanding, and (3) the students were able to immediately apply the information they had just learned, which further reinforced the information. The periods of instruction interspersed between projects were important for helping the students grasp the acoustic concepts, and the projects themselves both reinforced the information as well as taught additional information. Specifically, between the first and second handicrafts, we tell the children how to change the fundamental frequency of an output sound. Between the second and third projects we show them that even though the body part is identical in the whistle and the sliding vocal tract, by changing only the mouthpiece we can produce either a musical sound or a vowel-like sound. This chain of projects and explanations helped the children understand the physical phenomena they were seeing, and it increased their interest in these issues. Children might leave our workshop wondering how such different types of sounds (musical sounds or speech sounds) are accounted for by simply changing the mouthpiece. Eventually, they may be challenged to answer these questions for themselves in the future. Ultimately, we hope that by using such an intuitive approach to teaching these topics in speech science, the children will become more interested in science. We also hope to improve students' logical thinking skills, educate them about the importance of speech and language, and raise their consideration for people with speech and language disorders.
The workshop was planned for 90 min, which could have been too long to hold the attention of the children. Based on advice from a staff member of the museum, we interspersed the four explanations in between the three handicrafts. This design feature not only kept their attention, but also allowed for differences in level of understanding and working speed while children did the activities.
We also realized the importance of our supporting members who helped us with the workshop. The ratio of children to support persons was small, so that we could immediately help the students when they had any questions or difficulties. Even if there were no problems, we tried to talk to them about the work they were doing and what they were learning. For those who were fast and completed their projects earlier than others, we prepared extra work for them to do. For example: for the second handicraft, we asked children which positions of the slider make a musical scale, or we asked them to play a musical piece. For the third handicraft, we asked children which positions of the slider make different vowels, such as /i/, /a/, and /u/. These are useful postactivities that they can continue doing once they return home with their sliding vocal tract and whistle.
As noted earlier, we hoped that our workshop would inspire children to engage in further exploration of these activities at home, perhaps with a younger brother or sister. Accordingly, the materials of the handicrafts were chosen to be simple and readily available. For example, for the long cylinder used in the second and third handicrafts, one could use a paper-towel role with an appropriate trimming.
The reed-type sound source required only a small tube and a piece of plastic, but because the design of the reed is crucial for making intelligible vowel sounds, it had to be carefully constructed, so that the source spectrum does not have distinctive peaks and/or dips and a steep roll-off. We aimed at producing the lower fundamental frequencies, such as 100 Hz. In addition, the spectrum of the sound source should have flatter frequency characteristics with higher frequency components at least up to 3 kHz, because formant amplitudes will be too soft to make vowel quality easily discernible if the source spectrum has distinctive peaks and/or dips and a steep rolloff. To achieve this, the small tube and the plastic sheet have to meet together tightly and suddenly at the beginning of each close phase of vibration (Arai, 2006a) .
In the 2006 workshop, we asked children to taper one edge of a split bamboo tube as shown in Fig. 9(a) . Using a cutter and a file was difficult and risky for the children. However, even though this was a disadvantage, we received many positive comments in a questionnaire given to the students after the workshop. Students commented that the project was difficult, but it became fun after working at it for a while. The children definitely had a high sense achievement after this difficult activity, and the effect was greater than we expected. We surmise that the difficulty challenged their understanding and gave them a greater sense of achievement. However, we found that we could not afford to allot so much time for cutting, so we designed an alternative method. In 2007, we asked the children to curl one end of a plastic sheet and place it on top of a split bamboo tube with one end closed, as shown in Fig. 9(b) . This is based on an artificial larynx proposed by Riesz (1930) . In this method, we saved time and reduced the variability among participants in terms of speed and quality. However, the sound quality was slightly worse than the version in 2006. Finally, in 2008 and 2009, we asked the children to place a folded plastic sheet on the top of a diagonally cut bamboo tube as shown in Fig.  9 (c). We found we were able to save time and keep the sound quality almost as good as in the 2006 version.
We can also produce a child's voice by using a short outer cylinder and a sound source with a higher f0 frequency. With the short tube and the high-f0 sound source, the demonstration of the source-filter theory is, in fact, more effective. First, we start from the long tube and the low-f0 sound source. When we switch from the long to the short tube, we still hear low pitch. When we switch from the low-f0 sound source to the high-f0 source using the long tube, we now hear a high pitch, but the formants are low and the outputs do not sound child-like. We demonstrate that an intelligible child's voice is only produced with a short tube and a highf0 sound source. The combination of a long tube and a sound source with high f0 or a short tube and a sound source with low f0 does not only not yield child-like vowels, but vowels that are less intelligible. It seems that there is an optimal combination of vocal-tract length and f0 frequency range.
An additional project can be done, making a small lung model from a plastic bottle and three balloons as shown in Fig. 10 . This small lung model is easy to make, it is related to the other handicrafts, children found it fun to play with, and it is educational.
After each science workshop, we asked the children to answer a questionnaire. The children's answers on the questionnaire encouraged us to believe that they became more interested in sounds and science because of their participation in the workshop. From the 2007 questionnaire we discovered that none of the children had been interested in sound prior to the workshop. Seven of the thirteen participants answered that they became interested in sound because of the workshop. There were five children who did not answer that they liked science beforehand, but they all said they became interested in science or wanted to know more about sound after the workshop. These answers tell us that the science workshop was successful in achieving our goal of increasing both awareness and interest in acoustics and speech science among this younger population.
B. Acoustics of vowel production for undergraduate/ graduate students
We have shown that the sliding vocal-tract model as well as the other models are effective for education in acoustics and speech science classes for undergraduate and graduate students. This includes technical and non-technical students, such as those studying linguistics, psychology, and speech and hearing science. We will now discuss in more detail the particular benefits of using the sliding vocal-tract model for education.
There are several advantages to using the sliding vocaltract model, in particular, apart from the series of physical models of the human vocal tract that we have discussed so far. One benefit of the sliding model is that one can illustrate the dynamic nature of speech production, which was not possible with many of the other models, because they are static.
Another advantage is that because the model is so simple it is easier to envision the behavior of the formants. For example, we can produce a neutral vowel, or schwa, without the slider, yielding a uniform area function. We then compare sounds with and without the slider.
A third advantage of the simple sliding vocal-tract model is that students can compare resonance frequencies obtained by approximation to previously measured values. To measure the resonance frequencies of the sliding vocaltract model, we first record the output signals from the model. Such a recording was reported in Arai (2006a) . In this case, a driver unit (TOA TU-750, Japan) for a horn speaker was used. An impulse train was fed into the driver unit via the digital-to-analog converter of a digital audio amplifier (Onkyo MA-500U, Japan); the sampling frequency was 16 kHz. To avoid unwanted coupling between the neck and the area behind the neck of the driver unit and to achieve high impedance at the glottis end, we inserted a close-fitting, hard rubber cylindrical filler inside the neck. We made a hole in the center of the rubber filling with an area of 0.07 cm 2 . A flange with the diameter of 25 cm was attached at the open end of the tube. The output sounds were recorded using a microphone (Sony ECM-23F5, Japan) and a digital recorder (Marantz PMD670, Japan) with a sampling frequency of 16 kHz. The microphone was placed $20 cm in front of the output end in a sound-attenuated room.
The dots in Fig. 8 show the measured resonance frequencies (up to 3 kHz) of the sliding vocal-tract model as a function of the back tube length ' 1 , where ' 1 was shifted from 1 to 125 mm in 2 mm steps. After down-sampling to 8 kHz, the measurement was done by linear prediction on the software, XKL (Klatt, 1984) . As a result, the dots are nicely located on the curves obtained by the simple approximation. Figure 11 shows the F1-F2 plot of the recorded vowels (Arai, 2009a) . Figure 11 (a) is when d ¼ 10 mm and ' 2 ¼ 40, 50, 60, and 70 mm and Fig. 11(b) is when d ¼ 20 mm and ' 2 ¼ 50 mm. There are markers " Â " indicating the average F1 and F2 frequencies for the major American English vowels; the values are taken from Stevens (1998) . From Fig.  11(a) , the produced vowel travels an outer edge, i.e., /i/ !/u/ !/o/! /a/ or /ae/. The four trajectories with different ' 2 values are overlaid with respect to each other, and differences among them only appeared in the low vowel region, when the constriction was positioned at the glottis end. In this position, the produced vowel is like /ae/ when ' 2 ¼ 40 and 50 mm, whereas the produced vowel is more like /a/ when ' 2 ¼ 70 mm. From Fig. 11(b) , the trajectories are compressed more toward the central region. The produced vowel travels from the region of /e/, compared with /i/in Fig. 11(a) . From these plots, the coverage of the vowels are widely ranged. In other words, not only the location of the tongue constriction, which is the first degree of freedom of the S3T model, the degree of the constriction, which is the second degree of freedom, contributes to changing the vowel quality. The combination of these two degrees of freedom results in the coverage spreads on the vowel space.
Something to be aware of is that when we produce the vowels /u/ and /o/ with this sliding vocal-tract model, the vowel quality of the output sound is not perfect. The first two formants tend to be a little bit high. To compensate for this, we added lip rounding/lip protrusion to the model, which lowers F1 and F2 frequencies. This behavior matches the perturbation theory, which tells us that all formant frequencies decrease when there is a constriction at the lip end as the volume velocity maximum is located at the lip end for all resonances. Figure 12 (Arai, 2009a) shows the sliding vocal-tract model with lip rounding, which is a removable option in this picture. When making the handicraft, lip rounding can be made manually by simply putting your hand on the output end of the tube to narrow the mouth opening.
The smaller the mouth opening is, the lower the formant frequencies are. In the case of the Japanese vowel /u/, the output sounds less rounded, even when the mouth opening of the model is in the round shape. Thus, we might say that for lip rounding the area matters more than the shape of the opening. Note that unlike the rounded vowel /u/ in most languages, Japanese /u/ is not rounded, and is therefore unsuitable for illustrating the effect of rounding and protrusion at the lips. To study lip rounding and protrusion, Japanese /o/, which is rounded, would be a better choice. However, it is also possible for us to intentionally introduce this topic to derive the issue of roundedness versus actual shape. As this concept is not obvious for students, we have to be aware of possible confusion when we cover this topic.
According to the perturbation theory (Chiba and Kajiyama, 1941; Stevens, 1998) , the volume velocity minimum is located at the glottis end for all resonances, so F1 and F2 frequencies increase when there is a constriction at the glottis end. In fact, the laryngeal cavity of the human vocal tract is a short, narrow tube (Chiba and Kajiyama, 1941) , and we can simulate this laryngeal cavity by adding a 20 mm long constriction with a diameter of 10 mm as shown in Fig. 12 (Arai, 2009a) . With this laryngeal constriction, we confirmed that the /i/ vowel was improved.
Acoustic phenomena related to the quantal theory of speech production (Stevens, 1972 (Stevens, , 1989 (Stevens, , 1998 can frequently be seen in the relationship between some articulatory parameters and their resulting acoustics. In Fig. 8 , the two underlying resonance curves intersect with each other for the F1 frequency region of the vowel /a/ and the F2 frequency region of the vowel /i/. At the intersection, the systems avoid taking exactly the same resonance frequency (Stevens, 1998) , and as a result, the trajectory of a formant usually has a plateau at such a frequency region (Arai, 2006a) . In this region, formant frequency is stable and less sensitive to the position of the constriction. Thus, the sliding vocal-tract model can demonstrate this effect from the point of view of quantal theory.
When the constriction is narrow, e.g., a diameter of 10 mm, we can hear the vowel progression of /i/!/y/!/u/! /o/!/a/. To hear the vowel /e/, however, we need a much wider constriction. To cover the entire vowel space with this vocal-tract model, we made a cylindrical slider with which we can continuously change the degree of constriction as shown in Fig. 13 (Arai, 2009a) . This slider physically varies the area of the constriction by rotating two semi-cylindrical parts. With the sliding vocal-tract model and this cylindrical slider, we can quickly and effectively demonstrate the production of many different vowels for pedagogical purposes. In 2011, the connected-tube models (Arai, 2009b) , shown in Fig. 14 , and the sliding three-tube model were used twice in the lecture of Phonetics, which is an advanced class in the Linguistics Department at Rutgers University. The connected-tube models are just as quick and effective at demonstrating vowel production as the cylinder-type models. Further, the connected-tube models have basically the same configuration as the one formed by the sliding threetube model with the laryngeal cavity (for all five vowels) and lip rounding (for vowels /o/ and /u/).
Twenty to twenty-five students were in the classes. The first session was held during the introductory lectures of the course; the main topic of the class was "articulation" and a 30 min explanation was done with the models. First, the S3T model was used without the slider. In other words, a uniform tube was used to demonstrate the schwa sound. And then, the slider was inserted into the outer tube to simulate the front vowels and the back vowels. Next, the connected-tube models were used; especially vowels /i/ and /e/ were compared to show vowel height. Finally, the models for the vowels /o/ and /u/ were used to explain lip rounding.
After the first class, we asked for comments on the models, and ten students voluntarily gave us comments as follows. Their comments were free response but have been itemized here. The number in the parentheses indicates that there were similar comments multiple times:
(a) The models were interesting, helpful, and useful for speech education (10); (b) The models helped me understand the relationship between vocal-tract shape and vowel quality (3); (c) The models enabled one to visualize sound and gain a better understanding of speech production (6); (d) The models produced realistic (human-like) vowels that could easily be differentiated (5); (e) The models helped me to visualize the location of constrictions in the vocal tract (1); and (f) The demonstration helped me understand what the glottal source sound is like (1).
The second session, on the topic of acoustics, was held in the middle of the course and took two 90 min sessions. In the first class, a uniform tube with one open end was used to calculate the resonance frequencies from acoustic theory, to measure the resonance frequency by recording and analyzing the output sound from the tube, and to compare the measured frequencies with the theoretical ones. Then, the resonance frequencies were calculated from the theory of the two-tube model and compared with the ones measured from the model for vowel /a/. In the second class, as with the two-tube model, the resonance frequencies were calculated from the theory of the three-tube model and compared with the ones measured from the model for the other vowels.
After the second class, we again asked for comments about the models, and nine students voluntarily gave us comments as follows:
(a) The acoustic models were interesting, helpful and/or useful (9); (b) Whereas the vocal tract is usually invisible, these models make it visible (4); (c) The models provided a 3D visual, which is more effective than a picture (1); (d) The models illustrated how the shape of the vocal tract affects the output (3); (e) The models helped me understand how sound is produced in the vocal tract (2); (f) The models produced realistic sounds, with measurable formants, which were almost identical to the vowels they represent (1); (g) The models helped me visualize the size of the Helmholtz resonator and see how resonance is affected by the size of the connecting tube (1); (h) The models are enjoyable because they activate the senses and they turn an abstract idea into a more solid one (1); and (i) It was helpful to record the sounds with the Praat software and then match the measurements up to the equations we had just solved (3).
V. CONCLUSIONS
In this paper, we first reviewed the make-up of the sliding vocal-tract (S3T) model. We then introduced the contents of a science workshop where we asked children to make their own sliding vocal-tract model using simple materials. Then, in order to more clearly see the purpose and benefits of the sliding vocal-tract model in particular, we discussed the contributions of the various models we have developed so far and how they have been used with different ages and levels of students. We gave examples of which acoustic concepts could be illustrated in our demonstrations, and which models accounted for the ease of understanding at FIG. 13. (Color online) A slider with a mechanism to vary the area of the constriction (from Arai, 2009a) . A user can rotate and change the angle of the two semi-cylindrical parts so that the area for the tongue constriction can be changed. The schematic cross sections are also drawn. Takayuki Arai: Education in acoustics using vocal-tract modelseach level. While discussing the usefulness of the acoustic models in education of all types of students, we highlighted the particular benefits of the sliding vocal-tract model. From the discussion, we confirmed that the sliding vocal-tract model, as well as the other models, are a powerful and effective educational tool for teaching acoustics and speech science to all types of students. We created the sliding vocal-tract model because we saw that we needed a simplified model to emphasize certain core concepts of speech science and acoustics, such as, the dynamic nature of speech as well as the effect location of constriction has on output, which may not be as easily understood with the other models. This model, however, is not the only solution; other models may be more suitable for different purposes. For example, the sliding three-tube model is straight, but an actual vocal tract is bent. If we want to teach the importance of tongue movement, this issue between straight versus bent matters, and we should consider creating a simple bent model instead of the straight sliding three-tube model. In the future, we would like to develop and discuss different models depending on what issues we want to focus on for education in acoustics and speech science.
